ABSTRACT
INTRODUCTION
Cell movement is fundamental to many important biological processes; cells move during organogenesis, movement is essential to inflammatory immune responses, and the movement of neoplastic cells permits metastasis to secondary sites. This movement can arise from the intrinsic characteristics of the cell, or it can be initiated or enhanced by the presence of external stimuli. Stimuli can be divided into two classes, those that stimulate cell movement without a specific directional aspect (chemokinesis) and those that enhance directional cell movement according to the location of external cues (chemotaxis). The measurement of cell movement directed by chemotactic agents has been accomplished in several ways. The "small-population" assay (7) optically measures the movement of cells in an initial localized deposit of these cells in a chemotactic gradient that exists within the agarose below the cells. Variations of the Boyden chamber assay (1) are currently the most commonly used. In these assays, the cells are placed on a microporous membrane over a source of chemotactic agent. As the cells detect the higher concentrations of chemotactic agent that diffuse from the source, they migrate through the membrane to its underside. Migrating cells are usually detected on the reverse side of the membrane after staining. Responding cells are usually enumerated as an endpoint assay at a predetermined time point. An advantage of this technique is the ability to perform many simultaneous assays in parallel. A major limitation of the Boyden assay is that the gradient is very steep and dissipates rapidly (11) . It is also difficult to visualize the movement of cells through the filter in this chemotactic environment. Another technique used to measure chemotaxis is to track cell movement by video microscopy in a Zigmond or Dunn chamber (29, 30) . In these assays, the movement of cells is recorded as they respond to an aqueous gradient of chemoattractant formed between two closely spaced glass surfaces. This assay is more difficult to set up, only a small number of cells can be analyzed at a time, and the assay cannot be easily multiplexed.
The under-agarose chemotactic assay (17, 18) provides a different environment from that found in other assays. First, the cells move while they are surrounded by the underlying substrate and the overlying agarose. Second, the chemotactic gradient is stabilized by the agarose, allowing the gradient to be established over a larger area for a longer time. The traditional under-agarose assay measures the distance that the cells move in a specified period of time as an indication of a chemotactic response. This assay has the advantage that a single endpoint need not be evaluated because the cells gradually spread away from the starting well. The disadvantage is that in running many parallel assays, each would have to be evaluated microscopically at many time points to get an estimate of the extent of movement in each assay. We have adapted the under-agarose assay to be compatible with the automated assessment capability of the electric cell impedance sensing (ECIS) (6) system to create the ECIS/taxis system.
In the ECIS assay system, two electrodes are lithographed on the surface of a lexan slide and positioned within a chamber that holds aqueous media. Cells in this media can attach to the small electrode and to the surrounding surface of the slide. A one volt a.c. current passes through the culture media electrolyte, and a lock-in amplifier measures the current flow through this circuit, detecting the initial resistance of the system and any changes to the current flow that occur over time. The resistance at the small electrode predominates in this system (6) . Events or agents that alter the adherence of cells to the small electrode will alter the electrical resistance in the system. For example, increasing the tightness of cell association with the electrode surface by coating the surface with extracellular matrix proteins increases the resistance of the electrical circuit (27) . Lipopolysaccharide activates macrophages to spread and cover a larger amount of the target electrode and, thus, also increase the resistance measured at the target electrode (9) . In contrast, toxicants that damage cells will act to reduce the resistance of the circuit (5).
In the studies described here, we have usedDictyostelium discoideumto study eukaryotic cell chemotactic movement. These cells thrive at ambient conditions and their mechanisms of motility are analogous to leukocytes (3) . In moving across the substrate, these cells extend pseudopodia at their leading edge that attach to the substrate and orient the cell in the direction of travel. Dictyostelium are chemotactic to a variety of agents. For example, folic acid produced by bacteria establishes a gradient that allows vegetative Dictyostelium cells to find their bacterial prey. Cyclic AMP (cAMP), a chemotactic signal produced by Dictyostelium, is used during development to direct the aggregation of individual cells to form the multicellular organism (2) . Using this system, we have shown that the ECIS/taxis modifications enable the establishment of a stable chemotactic gradient in which cell responses can be measured in real time. The ECIS/taxis technique is sufficiently sensitive to detect the arrival of a single cell at the surface of the target electrode. Moreover, the arrival time of migrating cells at the target electrode is relatively uniform and enables the identification of a wave-like behavior in the movement of these cells. The results presented here demonstrate that the ECIS/taxis system can be used to characterize chemoattractants, soluble antagonists of chemotaxis, or novel mutants affecting chemotaxis.
MATERIALS AND METHODS

Cells
D. discoidium strain NC4A2 is an axenic cell line derived from the wildtype NC4 line (15) . The myosin II heavy chain mutant (HK323) was generated by homologous recombination to delete the coding portion of the gene in the NC4A2 cell line (25) . Cells were maintained in HL5 media (26) in 100-mm Petri dishes, with media changes every three days. Cells that were to be used for experimental procedures were harvested at mid-log phase. The cells were centrifuged at 200 ×gfor 5 min at room temperature, resuspended in fresh media, and counted with a Z2 particle counter (Beckman Coulter, Miami, FL, USA). ECIS/taxis chambers were loaded with 10 6 cells/well.
Agarose Preparation
Chemotaxis assays were adapted from the under-agarose chemotaxis method and are described in detail in the accompanying manuscript (10) . Briefly, a 0.5% solution of GTG agarose (BMA, Rockland, ME, USA) was prepared in 1 ×SM media [ USA), 10 g glucose, 1 g yeast extract, 1.9 g KH 2 PO 4 , 0.6 g K 2 HPO 4 , 0.43 g MgSO 4 /L, pH 6.5]. For chemokinetic assays, 2 × SM agarose media were premixed with an equal volume of 2 × folic acid and then added to the ECIS/taxis chamber to harden.
Reagents
The chemoattractant folic acid stock (100 mM) (Research Organics, Cleveland, OH, USA) was prepared by dissolving 0.44 g folate in 220 µ L 10 M NaOH. The final volume was adjusted to 10 mL with distilled water. The solution was filter sterilized through a 0.2 -µ m filter, aliquoted, and stored frozen at -20°C in the dark. The folate solution was adjusted to the appropriate concentration and added to ECIS/taxis wells 1 h before the addition of the cells to allow for the establishment of the chemotactic gradient. Cisplatin (Sigma, St. Louis, MO, USA) (21) was dissolved in PBS (8 g NaCl, 0.2 g KCl, 0.2 g KH 2 PO 4 , 1.15 g Na 2 HPO 4 in 1000 mL distilled water), and the cells were incubated with three different concentrations of cisplatin in PDF (20 mM KCl, 5 mM MgCl 2 , 20 mM KPO 4 , 0.5% dihydrostreptomycin sulfate, pH 6.4) for 1 h. Following this incubation, the cells were washed three times in PDF and then resuspended in PDF before placement in the cell wells of ECIS/taxis chambers.
ECIS/Taxis System
The current ECIS electrode configuration (Applied Biophysics, Troy, NY, USA) consists of eight chambers per array (6), each with a large electrode and a small target electrode ( Figure 1A ). These chambers were filled with 300 µ L 0.5% solution of melted agarose, prepared as described above. The thickness of the agarose layer is 4 mm. After the agarose had solidified, a sharpened 14-gauge cannula (Becton Dickinson, Franklin Lakes, NJ, USA) was used to punch wells at appropriate locations in the agarose. For chemotaxis assays, wells were located 2 mm on either side of the target electrode, along a common axis ( Figure 1B) . The chambers were chilled at 4°C for 15 min, and then the agarose plugs were removed by aspira - tion using a Pasteur pipet.
The chemoattractant was then loaded into one well in the appropriate chambers, and the gradient was allowed to form for 1 h. Cells were then loaded into the other well, the apparatus was attached to the ECIS instrumentation, and the measurement of resistance was initiated. A current flow of one volt a.c. at 4000 Hz was passed through the chamber at 60 s intervals. The impedance to this current flow was measured, and a resistance value was calculated according to established protocols (4, 13) . Resistance values could be observed in real time on the ECIS/taxis system computer display. In the results presented in this paper, the data are presented as normalized resistance, which is calculated as a fraction of the initial resistance of the chamber at the start of the experiment.
Imaging
The gold electrode and overlying photoresist are thin enough to be visually transparent. For some experiments, the area of the small electrode was imaged during the collection of resistance data to establish the arrival time of cells. The ECIS/taxis plate was placed on the stage of a Leica DM IL microscope (Heidelberg, Germany) and the images were captured every minute using a Dage CCD300 video camera (Dage MTI, Michigan City, IN, USA) and a Scion CG-7 frame grabber (Scion, Frederick, MD, USA). Image capture was controlled and the images were processed using Scion Image software (a derivative of NIH Image developed by Wayne Rasband at the National Institutes of Health). In other experiments, the chambers of a plate were periodically imaged to verify the data obtained by ECIS measurements.
RESULTS AND DISCUSSION
ECIS/taxis represents a modification of the standard ECIS configuration that facilitates the automated monitoring of cell population movement over time. The standard ECIS eight-chamber slide was modified for ECIS/taxis by adding an agarose overlay that covers each chamber's surface. This enables the establishment of a chemotactic gradient between the well loaded with chemoattractant and the well in which the cells were initially loaded ( Figure 1A gradient move out of the cell well under the agarose and eventually move across the target electrode located between the two wells ( Figure 1B) . By monitoring the changes in resistance that occur over time and the appearance of the rapid transient fluctuations in resistance, the arrival of cells at the electrode can be measured.
Measurements of Cells Responding to a Simple Chemotactic Gradient
In our initial experiments, a gradient was established by loading 1 mM folate into the chemoattractant well of an ECIS/taxis chamber (10), and Dictyostelium cells were placed in the adjacent cell well 1 h later. As a control, cells were added in parallel to a well in a chamber in which no folate was added to the chemoattractant well. To visualize the arrival of the cells at the target electrode, the cells exposed to folate were continuously monitored by video microscopy. During the time before the arrival of cells at the electrode, both the control and folate chambers show a continuous, smooth decrease in resistance (Figure 2A , labeled *1). In the video images collected from this electrode, the leading cells can be seen approaching the target electrode from the lower left ( Figure 2B, panel 1) . The first small peak at 3.75 h (Figure 2A , labeled *2) coincides with the initial cell leaving the photoresist surface and spreading on the target electrode ( Figure 2B , panel 2). As this first cell crawls over the electrode, the resistance remains above background and then decreases as that first cell moves off the electrode. Analysis of the time-lapse data indicates that the cell does not alter its motile behavior significantly as it changes from moving on the photoresist substrate to moving on the elemental gold electrode surface. The resistance increases again (Figure 2A , labeled *3) as a wave of cells arrives at the electrode ( Figure 2B, panel 3) . As the wave of cells passes, the resistance begins to gradually decrease ( Figure 2B, panel 4) . Throughout the period of measurement, there is a correlation between the number of cells on the electrode and the measured resistance values ( Figure 2C) .
The average speed of cell movement to the target electrode was calculated to be approximately 10 µ m/min. This speed is consistent with previous measurements of wild-type Dictyostelium chemotaxis on an agar surface (6 µ m/min ±1.2) (10,23). In the ECIS/ taxis assay, this movement occurs primarily on a layer of photoresist material until the cells eventually arrive at the target gold electrode surface. The cell movement is unimpeded by the 5 -µ m step that the cells must traverse to reach the surface of the gold electrode and must cross again as they depart from the electrode at the other side (data not shown). It is interesting to note that the resistance does not change until the cell has actually contacted the electrode surface and is unchanged as the cell remains on the edge of the photoresist/ electrode interface. A QuickTime™ movie showing the movement of the cells across the electrode with the superimposed ECIS/taxis resistance data is available for viewing at http://www. BioTechniques.com/Movies/Nov01/ LynesECIS-taxis.html.
Before the cells arrive at the surface of the target electrode, the normalized resistance changes in a way that appears to reflect gradual changes to the electrolyte characteristics of the culture media. This change probably reflects the equilibration of the media with the external atmosphere, combined with the impact of the metabolic activity of the cultured cells on the media. Because the resistance is normalized to the initial reading within each chamber, this shift does not interfere with the ability to note the increase in resistance that attends the arrival of cells at the target electrode. Furthermore, the changes in resistance that attend changes to the culture conditions over time are not subject to the rapid transient changes in resistance that are characteristic of cellular activity on the electrode.
Dictyostelium Responds to Folic Acid in a Dose-Dependent Manner
To assess the sensitivity of this technique to the measurement of a range of chemotactic gradients, we established gradients by adding a range of folate concentrations (0.16-1 mM) to the chemoattractant well (Figure 3 ). Cells exposed to control media in the absence of chemoattractant did not arrive at the target electrode during the course of the experiment; hence, no significant change to normalized resistance was observed (data not shown). In contrast, cells placed in the gradient formed by 1 mM folate were found to arrive at the target electrode approximately 3. system. Another notable difference that distinguishes the cells responding to each level of chemoattractant is that the absolute number of cells that arrive decreases as the dose of folate used to establish the gradient decreases. This is presumably a consequence of cells that are exposed to a suboptimal concentration of folate. The advantage of ECIS/taxis over other techniques is that it allows the assessment of the whole cell population during the migratory process, as opposed to looking at the fastest cells among the population. By analyzing the entire ECIS/taxis data set, one can estimate the number of cells that have responded to the signal and the duration of time over which the cells continued to arrive at the electrode. The observation that resistance increases in a manner proportional to the number of cells on the target electrode suggests that individual resistance values can be interpreted to reveal the size of the responding cell population. When testing new chemokines or inhibitors, these data will provide more information about the response of the population than a single time-point assay.
ECIS/Taxis Measurements in a Uniform Concentration of Folate
Another way to configure a chemotaxis assay is to add the chemoattractant uniformly throughout the agarose matrix. If the cells affect the chemoattractant (either by consuming it or by secreting enzymes that degrade it), then a local gradient will form (19) and cells will then move toward areas of higher chemoattractant concentration. For example, Dictyostelium secretes folate deaminase, which can destroy nearby folate and thereby create a folate gradient (19, 20) . Cells can also respond to some agents by increasing their speed of random movement (chemokinesis), which can also result in accelerated movement away from the origin.
In the experiment shown here, folate was mixed with the agarose before it was poured into the chamber so that it was present at a uniform concentration throughout the chamber and surrounding the cell well. When the agarose contained 0.5 mM folate, the cell arrival times at the electrode were similar to arrival times for chemotactic responses to lower concentrations of folate (Figure 4) . Intriguingly, the cells arrive at the electrode as a wave rather than as a continuous stream, even though there is a large reservoir of cells that remains in the cell well. This may result from cells altering the local concentration of folate, thus limiting the movement of cells behind the initial wave. It was interesting to note that a very low concentration of folate (0.013 mM) can accelerate the movement of a smaller number of Dictyostelium to a greater degree than higher concentrations. When cells are exposed to a 0.013-mM folate concentration, they arrive at the target electrode 1-1.25 h earlier than they do when exposed to 0.04 or 0.5 mM folate.
ECIS/Taxis Measurements Can Identify Cell Lines that Are Unable to Produce a Chemotactic Response
A potential experimental use for ECIS/taxis is to simplify the identification of new mutations that contribute to the chemotactic and chemokinetic processes. In a prototypical experiment, we used a myosin II mutant that has previously been shown to have a reduced ability to respond to cAMP (28) and is unable to move normally during morphogeneis (25) . The response of these cells to a folate gradient has not been previously reported. The myosin II mutant cells did not arrive at the target electrode at any point during the course of the experiment ( Figure 5) . Preliminary analysis has shown that these cells do not move far enough under agarose to reach the target electrode (Laevsky and Knecht, unpublished data). The manipulation of the gel overlay composition may allow other aspects of cellular behavior to be examined with this technique.
Dose-Dependent Inhibition of Chemotactic Responses by Cisplatin
Another potential use of ECIS/taxis is in the identification of pharmacological inhibitors of chemotaxis or chemokinesis. Previous work has shown that cisplatin can decrease the chemotactic responses of Dictyostelium (21) . When this phenomenon was examined in the ECIS/taxis system, the arrival time of cells at the electrode was delayed in a manner proportional to the dose of cisplatin ( Figure 6 ). While untreated cells reached the electrode after 4.4 h, treated cells arrived at times that extended from 5.6 to 8 h after the start of the experiment. The drug did not have a discernable effect on cell viability at the concentrations used because it did not appear to affect the number of cells that eventually arrived at the electrode. Cisplatin may inhibit cell movement through the inhibition of the association of actin with the cortex (21) and/or via interactions with the signal transduction cascade (12, 21) . This result illustrates the potential of ECIS/taxis for high-throughput screening of potential agonists and antagonists of chemotactic behavior.
CONCLUSION
The analysis of cell movement in the presence of chemotactic and chemokinetic stimuli is relevant to many different lines of basic and applied research. One of the primary uses of this technology will be for the study of normal immune processes (16) and disease processes including chronic inflammation, autoimmune disease (22) , and cancer. Because ECIS/taxis can rely on the computerized assessment of experimental results according to an objective algorithm and is also amenable to robotic setup and data capture, it will likely prove to be valuable in many pharmaceutical and biotechnology applications, including the evaluation of anti-inflammatory drugs and the clinical evaluation of patient immune function. It is also possible that adaptations of the techniques described in this report can be used to assess the movement of neoplastic cells and drugs that alter that form of cellular movement (8, 14, 24) . Finally, scaling up the ECIS/taxis system to larger numbers of chambers may also allow highthroughput screening of mutant cells that have alterations in their chemotactic response, enabling the rapid identification of genes involved in the regulation of cellular movement.
